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QUANTITATIVE HISTOCHEMISTRY OF THE PRIMATE SKIN
VI. LACTATE DEHYDROGENASE*
MICHAEL J. C. IM, M.Sc. AND KENJI ADACHI, M.D., Pll.D.
Lactate dehydrogenase (LDH)1 catalyzes the
final step in the Emhden-Meyerhof glycolytic
pathway, i.e., the reduction of ketopyruvic acid
to lactic acid, ntilizing the hydrogen of NADH'.
The presence of this enzyme in skin was sug-
gested as early as 1926 by Wohlgemuth and
Klopstock who demonstrated that surviving
skin synthesizes lactic acid from glucose (1).
Recent isotopic studies show that 40 to 70% of
labelled glucose is converted to lactic acid in
human and rat skin (2, 3). A direct measure-
ment of LDH activity in skin was attempted in
1955 by Hershey and Mendle (4), and since
then a number of workers have measured LDH
activities in normal and pathologic human
skin (5, 6) and in rat skin (7).
The basic nature and characteristics of this
enzyme, however, do not appear to have been
studied in detail. In this paper we present the
results of a study of the quantitative distribu-
tion of LDH in the skin of the rhesus monkey
and stump-tail macaque, and some kinetic char-
acterization of this enzyme in the epidermis of
the rhesus monkey.
MATERIAL AND METHODS
A method for preparing cpidcrmal homoge-
nates from the skin of the rhesus monkey has
already been described (8). LDH activity was
measured in the direction of glycolysis, i.e., pyru-
vatc to lactate. The coupled NAD formation was
measured with a fluoromctric procedure as de-
scribed previously (9), except for the assay
reagent mixture which consisted of 1 mM sodium
pyruvate°; 2 mM NADH; 0.05% bovine plasma
albumin; 0.1 M Tris buffer, pH 7.6; and 5 tl of
epidermal homogenate (1%) in a total volume of
105 M1. The reverse reaction was also tested with
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Abbreviations used are LDH lactate dehy-drogenase; NADH and NAD÷ = nicotinamide
adenine dinucleotide, reduced and oxidized forms.2All chemicals were commercially available and
of reagent grade,
lactate as substrate as described below (see Re-
sults).
For the quantitative histochemical study of
LDH activitV, 0.5 to 5.0 eg samples were dis-
sected out from frozen-dried skin and placed
into micro test tubes. Subsequently, 18 el of the
reaction mixture was added to each sample and
incubated for 60 minutes at 37° C. Five jzl of 1
N HC1 were added to stop the reaction, and 15
pl aliquots of the mixture were transferred into
3 ml fluorometer tubes for the measurement of
the resulting NAD as described above. Standard
tubes containing 5 to 20 mtmoles NAD/tube
and blank tubes without tissues were run simul-
taneously.
Lactic acid was measured according to the
method of Barker and Summcrson (10).
RESULTS
The effects of various pH's on the LDH ac-
tivity are shown in Fig. 1. The optimal pH is
7.5. LDH decreases its activity markedly in
alkaline pH. Increased pyruvate concentration
resulted in a remarkable substrate inhibition
(50% inhibition at 5 mM) (Fig. 2). The
Michaelis constant for pyruvate was 3 >< 10-° M
at pH 7.6, Tris buffer with NADH concentra-
tion of 2 mM. The optimum concentration of
NADH was 2 mM (Fig. 3). It appears that
NADH concentration higher than 4 mM caused
slight inhibition of the LDH activity. The Km
for NADH with epidermal homogenate as an
enzyme source was approximately 4 x 10 M
at pH 7.6 with 1 mM of pyruvate concentration.
In Fig. 4, linear rates of enzyme reaction were
obtained over a wide range, nearly up to 85
mpmoles NAD2 production per tube.
The stoichiometry of the reaction catalyzed
by epidermal LDH was tested in the same re-
agent mixture except that the enzyme concen-
tration was increased 20-fold. Lactic acid forma-
tion was measured colorimetrically (10). The
disappearance of NADH (1.20 smoles/ml) cor-
responded well with the formation of both
NAD2 (1.10 rmoles/ml) and lactic acid (1.28
p.moles/ml).
The reverse reaction with lactate as a sub-
strate was active in alkaline ranges. The initial
velocities at pH 7.2 and 9.5 were 0.2 moles and
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1 mole/kg wet weight/hr in a test system con-
sisting of 250 mM lithium lactate and 1 mM
NAD. However, practically no reaction was
measured at 1 mM of lactate level in this sys-
tem at pH 72. The equilibrium of LDH reac-
tion at physiological pH appears to be to the
direction of glycolysis.
Table I shows the distribution of lactic de-
hydrogenase in the diiTerent structures of the
NAD
50
FIG. 4. Time course and effect of enzyme con-
centration. The assay system as described in the
text. The concentration of the epidermal homog-
enate (%) used is indicated in this figure.
TABLE I
Lactic dehydrogenase activity in various
shin structures*
Structure moilS' Stump-tailmacaque
SCALP
Epidermis 14.5 16.5
Hair follicle 13.2 23.4
Eccrine gland 21.4 16.6
Apocrine gland — 24.6
Sebaceous gland 5.2 8.7
Dermis 2.4 0.91
SOLE
Keratin layer 6.0 2.1
Granular layer 9.1 10.4
Prickle layer 12.6 14.4
Basal layer 17.2 15.6
Sweat gland 15.2 18.2
Dermis 0.5 1.4
LIP
Mucous membrane, upper 7.1 15.4
Mucous membrane, lower 8.8 19.2
Sebaceous gland 9.7 15.2
* Enzyme activity is expressed as moles of py-
ruvate converted to lactate per kilogram of dry
weight tissue per hour (moles/kg dry wt/hr).
Each figure is the mean of 5 to 9 determinations.
skin. Whereas, in general, this enzyme was
twice as active as glyceraldehyde-3-phosphate
dehydrogenase (11), both enzymes were dis-
tributed in similar proportions in the skin and
its appendages. The considerable amount of
LDH activity in the keratin layer and the
relatively lower values in the sebaceous glands
as compared to other parts coincide with the
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Fia. 1. pH activity curve of the epidermal en-
zyme in 0.1 M Tris buffer system. The assay
method a.s described in text. The ordinate is en-
zyme activity expressed as the fluorescence, which
is the microammeter reading.
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FIG. 2. Effect of pyruvate concentration. The
test system as in Fig. 1 at pH 7.6, 0.1 M Tris buffer.
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be similar to those in mammalian tissues
hitherto reported.
DISCUSSION
The properties of LDII in the akin of pri-
mates generally appeared to coincide with those
in other mammalian tissues (12, 13); the topo-
graphical distributions of this enzyme are also
similar to the data on human skin with the ex-
ception of the hair follicles (5). The moderate
LDH activity (2—6 moles/kg dry wt/hr) found
in the keratin layer is probably due to the high
stability of this enzyme structure, as in the case
of glyceraldehyde-3-phosphate dehydrogenase
(11).
It is noteworthy that the distribution pattern
of LDH in primate skin coincides with that of
glyceraldehyde-3-phosphate dehydrogenase. The
latter enzyme requires NAD for the oxidation
of glyceraldehyde to glyceric acid and reduces it
to NADU, which subsequently will be utilized
by LDH. The NADH-coupled production of
lactic acid is, therefore, essentially a mechanism
for the regeneration of NAD' which then par-
ticipates again as a hydrogen acceptor in the
oxidation of glyceraldehyde.
SUMMARY
Lactate dehydrogenase is one of the most ac-
tive enzymes in the skin of primates. In the skin
of rhesus and stump-tail macaques it is dis-
tributed in similar quantity (13.2 to 24.6 moles/
kg dry wt/hr) through the epidermis, hair fol-
licles and sweat glands. As compared with the
above three regions, the sebaceous glands have
relatively lower LDH activity (5.2—8.7 moles!
kg dry wt/hr). In the epidermis of the sole, the
basal layer has more enzyme activities (15.6—
17.2 moles/kg dry wt/hr) than the upper
layers (9.1—14.4 moles/kg dry wt/hr) and the
keratin layer has considerable enzyme activities
(2.1—6.0 moles/kg dry wt/hr). The properties
of lactate dehydrogenase in the skin appear to
REFERENCES
1. Wohlgemuth, J. and Klopstock, E.: Die
Fermente der Haut. Cited in: Physiology
and Biochemistry of the Skin, p. 472. Roth-
man, S., Chicago, University of Chicago
Press, 1954.
2. Freinkel, R. K.: Metabolism of glucose-C1' by
human skin in vitro. J. Invest. Derm., 34:
37, 1960.
3. Pomerantz, S. H. and Asbornsen, M. T.: Glu-
cose metabolism in young rat skin. Arch.
Biochem., 93: 147, 1961.
4. Hershey, F. B. and Mendle, B. J.: Quantitative
histochemistry of burned and normal skin.
Surg. Forum, 5: 745, 1955.
5. Hershey, F. B., Lewis, C., Jr., Murphy, J. and
Schiff, T.: Quantitative histochemistry of hu-
man skin. J. Histochem. Cytochem., 8: 41,
1960.
6. Weber, G.: Some aspects of the carbohydrate
metabolism enzymes in the human epidermis
under normal and pathological conditions.
In: The Epidermis, p. 453. ed. by Montagna,
W., and Lobitz, W. C., Jr., New York, Aca-
demic Press, 1964.
7. Bernstein, I. A. and Sweet, D.: Glycolytic ac-
tivity in extracts of young rat skin. Arch.
Biochem., 80: 35, 1959.
8. Adachi, K. and Yamasawa, S.: Quantitative
histochemistry of the primate skin. I. Hexo-
kinase. J. Invest. Derm., 46: 473, 1966.
9. Adachi, K. and Yamasawa, S.: Quantitative
histochemistry of the primate skin. II. Fruc-
toaldolase. J. Invest. Derm., 46: 542, 1966.
10. Barker, S. B. and Summerson, W. H.: The
colorimetric determination of lactic acid in
in biological material. J. Biol. Chem., 128:
535, 1941.
11. Im, M. J. C., Yamasawa, S. and Adachi, K.:
Quantitative histochemistry of the primate
skin. III. Glyceraldehyde-3-phosphate dehy-
drogenase. J. Invest. Derm., 47: 35, 1966.
12. Schwert, G. W. and Winer, A. D.: Lactate de-
hydrogenase. In: The Enzymes, Vol. 7, p.
127. edited by Boyer, P. D., Lardy, H., and
Myrbäck, K., New York, Academic Press,
1963.
13. Nisselbaum, J. S. and Bodansky, 0.: Purifica-
tion, kinetic and immunochemical studies of
the major variants of lactic dehydrogenase
from human liver, hepatoma and erythro-
cytes; comparison with the major variant of
human heart lactic dehydrogenase. J. Biol.
Chem., 238: 969, 1963.
data for glyceraldehyde-3-phosphate dehydro-
genase.
